The subtilisin inhibitor (MBSI-A) from the mung bean (Vigna radiata (L.) Wilczek) seed has been purified to homogeneity. MBSI-A consists of a single polypeptide chain of 119 residues, with a high content of glutamic acid/glutamine, aspartic acid/ asparagine, valine, threonine, and proline (19, 12, 10, 9 , and 8 residue percent, respectively). MBSI-A is a potent inhibitor of subtilisin Carlsberg, but is inactive toward bovine trypsin and achymotrypsin and the plant cysteinyl proteinase papain. The MBSI is located exclusively in the cytosol of the seed cotyledon cell, unlike the mung bean trypsin inhibitor (MBTI), which is located primarily in the protein bodies. For germination and seedling growth studies, seeds were soaked in shallow layers of distilled water for 24 h at room temperature (21 ± 1°C). The seeds were then drained, rinsed with distilled water, and planted in moist vermiculite. Growth was carried out in an environmental chamber with a 12 h, 25°C light/12 h, 20°C dark cycle. The plants were watered as required with distilled water. After the desired period, the seeds were harvested, rinsed with distilled water, and the cotyledons dissected free. The cotyledons were weighed, and stored at -20°C until needed. Germination times were reckoned from the initiation of imbibition.
The seeds of the Leguminosae are known for their large content of proteins, primarily the major storage globulins of the legumin and vicilin types. These seeds are also well known for their contents of protein proteinase inhibitors. The inhibitors of trypsin and chymotrypsin have formed the focus of most research into the seed proteinase inhibitors (12, 20) because oftheir potential significance in human and domestic animal nutrition. However, legume seeds are also known to contain inhibitors of other proteinases, most notably inhibitors of the microbial serine proteinase subtilisin (2) . We have examined the accumulation ofthe SI2 in the developing mung bean ( Vigna radiata [L.] Wilczek) and its subsequent destruction in the germinating seed. The SI from the dry beans was isolated and partially characterized in terms of its chemical properties, inhibitory activity, and subcellular localization in the cotyledon cell.
MATERIALS AND METHODS Plant Materials and Reagents
Mung bean seeds ( Vigna radiata [L.] Wilczek), cv Jumbo, were obtained from Johnny's Selected Seeds, Albion, ME.
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For germination and seedling growth studies, seeds were soaked in shallow layers of distilled water for 24 h at room temperature (21 ± 1°C). The seeds were then drained, rinsed with distilled water, and planted in moist vermiculite. Growth was carried out in an environmental chamber with a 12 h, 25°C light/12 h, 20°C dark cycle. The plants were watered as required with distilled water. After the desired period, the seeds were harvested, rinsed with distilled water, and the cotyledons dissected free. The cotyledons were weighed, and stored at -20°C until needed. Germination times were reckoned from the initiation of imbibition.
For developmental studies, seeds were planted in a potting soil mix, and grown under a 16 h, 28°C light/8 h, 20°C dark cycle. Flowers were tagged on the day of opening. After the desired period, the seeds were harvested, rinsed with distilled water, blotted dry, and weighed and their length measured. Age of the seeds was reckoned in days after flower opening.
Reagents
Subtilisin Carlsberg (EC 3.4.4.16), bovine trypsin (EC 3.4.4.4, twice crystallized), bovine a-chymotrypsin (EC 3.4.4.5, thrice crystallized), and papain (EC 3.4.4.10) were purchased from Sigma Chemical Company, as were N-acetyl-D,L-phenylalanine 2-naphthyl ester, tetraazotized o-dianisidine, and azocasein. MBTI-specific antibodies were prepared in rabbits as previously described by Tan-Wilson et al. (17) . All other chemicals were reagent grade or better. Doubledistilled water was used throughout, and all pH measurements were made at room temperature, 21 ± 1°C.
Preparation of Extracts
For extracts of cotyledons at various stages of germination, cotyledons equivalent to 4 g of seeds before imbibition were homogenized with 20 mL of ice cold 50 mM Tris-Cl (pH 8.0). The resulting homogenate was centrifuged at 39,000g at 5°C for 1 h. The supernatant was decanted off, and the volume recorded. The extract was frozen in aliquots at -20°C until needed. Extracts of seeds at various stages of development were made in an analogous manner. Seeds were homogenized in 10 ml of 50 mM Tris-Cl + 0. 15 M NaCl (pH 8.0) per g fresh weight.
Si Assay MBSI activity was quantitated using a modification of the caseinolytic assay of Kunitz (10) . Subtilisin Carlsberg (4.8 ,Ag in 50 ,Al of 1 mm HCI) was mixed with 100 ,uL 100 mm Na borate (pH 8.0) and up to 100 ,uL of the sample of interest. The volume was adjusted as required with the same buffer as that of the sample to a final volume of 250 ,tL. After incubating at 37°C for 20 min, 2 mL of 0.5% (w/v) azocasein in 0.1 M Na borate (pH 8.0) were added. The reaction was stopped after 30 min at 37°C by the addition of 2 mL of 15% (w/v) TCA. The assay mixture was then held at room temperature for 20 min, followed by clarification by centrifugation. An aliquot of the supernatant (2 mL) was mixed with 2 mL of 1 N NaOH, and the absorbance at 436 nm determined. Control reactions containing subtilisin with no inhibitor, and those containing buffer and azocasein only, were run at the same time.
One unit of SI was defined as inhibiting the activity of 1 mg of subtilisin Carlsberg in this assay. For the characterization of the subtilisin/SI interaction, as well as the quantitation of inhibitor at each stage of the purification, the assay results were corrected for the amount of inactive subtilisin present in the preparation used. The assumption is made that the inhibitor interacts only with the active proteinase. The subtilisin used in this study was found to be 53% active as determined by active site titration with N-trans-cinnamoyl imidazole (13) . The concentrations of solutions of purified MBSI were determined by absorption at 280 nm using extinction coefficients determined from quantitative amino acid analysis data of inhibitor solutions of known A280. Values of 8.77 and 8.24 were found for the E'% of MBSI-A and MBSI-D, respectively (280 nm, in Na-phosphate buffer at pH 6.9).
MBTI Assays
For the rapid semiquantitative assay of MBTI activity in column fractions, the agarose diffusion assay of Tovar (18) was used. One unit of TI was defined as producing a clear zone of inhibition of 1 cm2 in this assay. Radial immunodiffusion using MBTI-specific antibodies (17) was used for the quantitative determination of MBTI in extracts and subcellular fractions.
Assays of Inhibition of Other Enzymes
MBSI was tested for inhibition of bovine trypsin using Nbenzoyl-D,L-arginine p-nitroanilide as the substrate. The trypsin and inhibitor were incubated in 200 ,uL of 25 mM Tris-Cl (pH 8.0) for 20 min at room temperature. The remaining trypsin activity was then determined by the addition of 3 mL of 1 mm substrate at 25°C as described by Erlanger et al. (5) . MBSI inhibition of papain was examined in a similar manner to that of trypsin, with the exception that the buffer contained 5 mM L-cysteine and 2 mm Na2EDTA. The inhibition of bovine chymotrypsin was examined in an analogous manner using N-glutaryl-L-phenylalanine p-nitroanilide (4) . The concentrations of stock proteinase solutions (in terms of active enzyme) were determined by burst titration with N-transcinnamoylimidazole for chymotrypsin and subtilisin (13) , and p-nitrophenyl p'-guanidinobenzoate for trypsin (1) .
Preparation of Crude MBSI
Crude MBSI was prepared using a modification of the method applied to adzuki beans ( Vigna angularis) by Yoshikawa et al. (23) . Mung beans (800 g) were ground to a fine meal and extracted at room temperature with 4 L of 50 mM Tris-Cl (pH 8.0). The brie was filtered through several layers of cheesecloth, and clarified by centrifugation. The resulting crude extract was adjusted to pH 6.5 with HCI, and heated to and held at 80°C for 10 min in a hot water bath. After cooling in an ice bath, the resulting precipitate was removed by centrifugation. Solid ammonium sulfate was added to the supernatant to 60% saturation at 0°C. After holding overnight at 4°C, the precipitate was recovered by centrifugation, and redissolved in a minimal volume of 50 mM Tris-Cl (pH 8.0). Dialysis of the resulting solution against the same buffer yielded the crude MBSI preparation.
Electrophoresis and lsoelectric Focusing
PAGE under non-denaturing conditions was performed by the method of Davis (3) using 7.5% (w/v) gels. Gels were stained for protein using Coomassie blue G, or for SI activity by the method of Chavan and Hejgaard (2). SDS-PAGE was carried out by the method of Laemmli (1 1) 
Compositional Analysis
Amino acid analyses were preformed using a Glenco MM-70 amino acid analyzer with a ninhydrin detection system. Samples were hydrolyzed for 24, 48, and 72 h at 1 10°C in vacuo in 5.7 N HCI, or for 24 h in 4 M methanesulfonic acid containing 0.2% 3-(2-aminoethyl)indole (15) . Norleucine was included as an internal standard for the determination of recoveries and the determination of inhibitor extinction coefficients. For the quantitation of half-cystine as cysteic acid the inhibitor was oxidized with performic acid (9) prior to hydrolysis.
HPLC
HPLC was utilized to monitor the purity of MBSI preparations, as well as in mol wt determinations. HPLC was carried out with a single pump gradient system from LKB Producter AB (Broma, Sweden) consisting of a model 2150 pump, 2152 gradient controller and proportioning value, and a 2151 variable wavelength detector. Size exclusion HPLC was performed in 10 mm Na phosphate + 200 mM NaCl (pH 6.9) using a 7.5 x 300 mm TSK G3000SW column and a 7.5 x 75 mm TSK SWP precolumn. Detection was by absorbance at 230 nm. Reversed phase HPLC was carried out on a Vydac 218TP104 (C 18) column (4.6 x 250 nm) with a 2 x 20 mm precolumn packed with Synchropak SC-RSC C 18 medium (Synchrom, Inc, Linden, IN). The column was eluted with a linear gradient from 30 to 40% solvent B (0.1 % (v/v) trifluoroacetic acid in acetonitrile) in solvent A (0.1 % trifluoroacetic acid in water) over 30 min. Detection was at 216 nm.
Subcellular Localization
Fractions consisting of the protein bodies and cytosol respectively were those previously obtained from the cotyledons of ungerminated mung beans (22) . The fractions were assayed for MBSI as described above.
RESULTS

Variation of MBSI Content in Seed during Development and Germination
The changes in the SI content at various stages of the natural history of the mung bean seed are similar to those observed for the MBTI. Both MBSI and MBTI accumulate in the seed during the period of most active reserve deposition, between 12 and 18 DAF (Fig. 1) (Fig. 4) . Examination of this material by PAGE followed by staining for SI activity revealed it to be MBSI-A with minor amounts of MBSI-B and MBSI-C. This chromatography also resulted in the removal of most of the MBTI, which eluted as a broad peak centered at 0.1 M NaCl.
The pool of MBSI from the DEAE-Trisacryl was adjusted to pH 4.75 and dialyzed against 50 mm Na acetate, pH 4.75. It was then applied to a column of CM-Trisacryl M equilibrated to the same buffer. Under these conditions MBTI as well as the majority of the protein binds to the column, while the MBSI elutes unretarded from the column (not shown). The MBSI-containing fractions were pooled, equilibrated by dialysis to 50 mM ammonium acetate, pH 6.5, and applied to a column of DEAE-Trisacryl in the same buffer. The column was then eluted with a pH and buffer concentration gradient ofammonium acetate (Fig. 5) . A single peak of MBSI activity was eluted which was coincident with the major protein peak. However, PAGE with staining for SI activity and with Coomassie blue G indicated that the preparation was contaminated with inactive proteins.
The SI pool from the second DEAE-Tris-acryl chromatography was concentrated by ultrafiltration on an Amicon YM-2 membrane, equilibrated to 10 mm Na phosphate + 200 mM NaCl (pH 6.9) by dialysis, and applied to a column of Sephadex G-75 in the same buffer. The SI activity eluted as a single symmetric peak coincident with the major protein peak, which was separated from higher and lower molecular weight contaminants. The inhibitor specific activity was essentially constant across the peak (data not shown).
The (Table I) .
Purification of MBSI-D
When the crude inhibitor preparation is dialyzed at pH 8 for 6 days nearly all of the MBSI-A is converted to a species electrophoretically identical to the MBSI-D observed during germination. MBSI-D was therefore prepared by such a dialysis followed by purification in a manner identical to that described above for MBSI-A.
The final preparation of MBSI-D was homogeneous by PAGE in the Davis system with the band staining with Coomassie blue coincident with the SI activity band, Rf 0.61 (Fig. 6) . At very heavy loading of the gel a trace amount of MBSI-B activity was observed. MBSI-D similarly exhibited a single peak eluting at 32.6% acetonitrile on reversed phase HPLC, as well as a single peak on size exclusion HPLC (not shown). No contaminating species were observed by either of these techniques.
Composition and Physical Properties of MBSI-A and MBSI-D
The amino acid composition of MBSI-A is shown in Table  II . The results indicate a molecule of 119 residues. MBSI-A is particularly rich in glutamic acid/glutamine (19 residue %), as well as aspartic acid/asparagine, proline, threonine, and valine. MBSI-A is comparable in its overall composition to the SI isolated from the adzuki bean, Vigna angularis (23) . MBSI-D exhibits a similar amino acid composition. Except for the amount of threonine, the composition suggests that MBSI-D is derived from MBSI-A by the loss ofapproximately 20 amino acid residues from the latter.
The mol wts calculated from MBSI-A and -D from the compositional data (13,300 and 10,949, respectively) are comparable to those determined by SDS-PAGE (Table III) . However, MBSI-A behaves as a larger than expected species on gel filtration, with an apparent mol wt of up to 25,400. This suggests that MBSI-A may exist in solution largely as a dimer under the experimental conditions used. A similar situation has been observed with a number of the Bowman-Birk type proteinase inhibitors including one from another Vigna species, the black-eyed pea (6) . MBSI-D exhibits approximately the same mol wt when examined by the different techniques, Inhibitory Properties of MBSI-A and MBSI-D The inhibition of subtilisin by MBSI-A was examined by using azocasein as substrate for the proteinase. The assay results were interpreted by a non-linear least squares fit of the method of Green and Work (7). MBSI-A was found to be a potent inhibitor of subtilisin Carlsberg, forming a stoichiometric, 1:1, complex with this serine proteinase. An association equilibrium constant (ka) of 3.2 x 107 M-l was found.
MBSI-D was identical to MBSI-A in its inhibition of subtilisin Carlsberg under the conditions used (data not shown). MBSI-A is inactive toward two other serine proteinases, bovine trypsin and bovine a-chymotrypsin, and the plant cysteine proteinase papain (Fig. 7) .
Subcellular Localization of MBSI in the Cell
The method of Harris and Chrispeels (8) has previously been used in our laboratory (22) to obtain fractions corresponding to the cytosol and the protein bodies plus ER of the dry mung bean cotyledon cell. Fraction I was identified as corresponding to the cytosol by the presence of the marker enzymes leucine aminopeptidase and dipeptidase (Table IV) . Fraction III contains only low levels of these activities, but was found to contain vicilin, a-mannosidase, and NADH-Cyt c reductase, the markers for the protein bodies and the ER. MBSI activity was found exclusively in fraction I, the cytosolic fraction, with 80% of the applied activity recovered in this fraction. PAGE followed by staining for SI activity confirmed this activity to be MBSI-A. (22) . DISCUSSION The native MBSI described here, MBSI-A, is similar in many respects to SIs isolated from the adzuki bean (Vigna angularis) (23) , cowpea (V. unguiculata) (19) , broad bean (Vicia faba) (16) , and the black bean (Phaseolus vulgaris) (14) . It is a relatively small protein (1 19 amino acid residues in a single polypeptide chain) with relatively high contents of glutamic acid/glutamine, and somewhat lesser amounts of aspartic acid/asparagine and valine. There is no half-cystine present in the molecule. It is thus distinct from the MBTI which contains 14 residues of half-cystine per 80 residue molecule. The SI likewise differs from the TI in its interaction with serine proteinases. The TI is a double-headed inhibitor of trypsin with two trypsin molecules simultaneously inhibited by a single MBTI molecule (24) 
